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INTRODUCTION

The importance of tumor stroma in cancer development and progression has been recognized
through its stimulating effects on cancer cell growth, migration and angiogenesis. The powers of
tumor stroma have been further emphasized by its ability to convert nontumorigenic prostatic
epithelial cells to tumorigenic ones. Tumor stroma shares many features with stroma in wound
repair including key cell types and expressed molecules. Therefore, mechanisms underlying
stromal reaction in wound repair may also play an important role in the development of tumor
stroma. We hypothesize that mesenchymal stem cells, which serve as the source of tissue
regeneration in wound repair, may also contribute to the development of the cancer-associated
stroma. Our hypothesis is supported by observations in animal models suggesting that bone
marrow mesenchymal stem cells contribute to tumor-associated stroma, and by the report that
prostate cancer-derived stromal cells undergo anchorage-independent growth, a property of stem
cells. Our objective in this project was to show that cancer-derived stromal cells capable of
anchorage-independent growth have characteristics of stem cells and convert nontumorigenic
prostatic epithelial cells to malignancy. This is our final report and includes results obtained
during a 6-month no-cost extension.

BODY

Our first designated task was to separate cells with or without anchorage-independent
growth from cancer-derived stromal cells. Our belief that we would be able to identify such
populations of cells was based on a previous publication by San Francisco et al. (2004), who
found that 0.18% of cells cultured from normal prostatic stroma were capable of anchorage-
independent growth whereas 1.2% of stromal cells from prostate cancers formed colonies in agar.
We co-authored this publication and provided the cancer-derived stromal cells. However, the
anchorage-independent growth assays were performed in our collaborator’s lab. We were unable
to replicate these results in our lab. We tested two different primary cultures derived from
cancers, and two from normal tissues, in several different conditions. These included the medium
in which we culture stromal cells [MCDB 105 supplemented with 5 ug/ml of fibroblast growth
factor-2, 5 ug/ml of insulin and 5% fetal bovine serum (FBS)], the medium in the San Francisco et
al. publication (DME with 10% FBS), soft agar, or ultra-low attachment dishes. In no
circumstance did we observe anchorage-independent colony formation. The reasons for our
inability to replicate the published results are unclear, but could be due to use of a different lot of
serum or different primary cultures from those used in the previous study (the cell cultures used
at that time are no longer available, since they have a finite lifespan).

Since we could not identify cells capable of anchorage-independent growth, we sought to identify
other characteristics of our cancer-derived stromal cell cultures that we could use to isolate or
identify putative mesenchymal stem cells. Using immunocytochemistry, we stained cancer-
derived stromal cells with antibodies against proteins associated with mesenchymal stem cells.
These included nanog, nestin, Oct 3/4, BCRPI, CD244, CD48, CD150, CD133, STRO-1, and
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Glil. Of these, nestin was the only one for which the cells stained positively. Nestin is
considered to be a general marker of stem/progenitor cells (Carriere et al., 2007). However,
normal cells stained as well, so nestin is not useful as a specific stem cell marker of prostate
cancer-derived stromal cells.

Another characteristic of stem cells is migratory ability. In a genetic profiling study of normal
versus cancer-derived stromal cells, we identified autotaxin, a migration-stimulating factor, as
more highly expressed in cancer-derived stromal cells than in normal cells (Zhao et al., 2007). We
thought that we might be able to use migration to separate stem-like cells, so we grew normal and
cancer-derived stromal cells to confluency, then wounded each monolayer. We observed the
cultures each day microscopically to view cells migrating into the wounds. We concluded that
neither normal nor cancer-derived cells were very migratory, with few cells migrating into the
wound in either type of culture even after many days.

CD34 is a cell surface antigen that has been associated with mesenchymal stem cells (Tirode et
al., 2007). We stained semi-confluent cultures of normal and cancer-derived stromal cells with
antibody against CD34, and found that all of the cells were positive. CD34 did not distinguish
normal from cancer-derived stromal cells. We also stained tissue sections of normal prostate and
cancer to see if in fact CD34 was expressed differently in the cancer-associated stroma, but our
ability to draw conclusions was hampered by the expression of CD34 on the vascular
endothelium, making it difficult to discern staining specifically on
stromal fibroblasts/myofibroblasts/smooth muscle.

CD90 is another cell surface antigen expressed by mesenchymal stem
cells (Gindraux et al., 2007). Our genetic profiling study of normal
versus cancer-derived stromal cells identified CD90 as more highly
expressed in cancer-derived stromal cells compared to normal cells
(Zhao et al., 2007). Our collaborator, Dr. Alvin Liu at the University
of Washington, previously reported that CD90 was expressed more
highly in the stroma of prostate cancer tissues than stroma of normal
tissues (Liu et al., 2004). Dr. Liu measured CD90 mRNA expression
in our cultured stromal cells by RT-PCR and confirmed that CD90
was higher in stromal cells from cancer.

To further characterize CD90 expression in cancer stromal cells
(CAFs), we first stained CAFs with a biotin-conjugated monoclonal
antibody against CD90 and an avidin-conjugated Alexa 488 fluor
whose emission is similar as fluorescein (FITC). Under fluorescent
micrOSt_:opy, a small numbfar of the CAFs s_howed much brighter ' Figure 1. CD90 is

green signal than others (Figure 1), suggesting that CD90 expression  differentially expressed

is heterogeneous among CAFs. The localization of the fluorescent Z‘;"n‘;pgsﬁﬁzs-e(ﬁ}) ggalfse_' ©
signal was consistent with CD90 being a cell surface antigen. F|u0rescenceg image of the

5 same CAFs as in (A); (C)
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Therefore, we subsequently used antibody against CD90 to sort cells with high expression of
CD90 from cells with low or no expression of CD90 in cancer-derived stromal cultures by

fluorescence activated flow cytometry (FACS).

Cells were stained as described above. Dead cells were
excluded from the analysis using DAPI staining. Doublets
and cell clusters were excluded using forward scatter and
side scatter plots. As shown in Figure 2, two distinct
populations of cells expressing different levels of CD90
were detected by flow cytometry. The majority of cells
expressed low level of CD90 whereas a small percentage of
cells expressed much higher CD90. We collected cells within
gate P6 as CD90-high cells and within P5 as CD90-low
cells. The average CD90 intensity of CD90-high cells is at
least 10-fold higher than that of CD90-low cells. The
difference in CD90 levels between these two populations is
not likely due to differences in cell size since they showed
similar forward scatter and side scatter. These results
demonstrated that CD90 is differentially expressed among
CAFs and that CD90-high cells can be separated from
CD90-low cells by FACS.

Our next goal was to determine whether CD90-high cells
(the putative stem cells of the CAFs) had properties

associated with tumor promotion. CAFs express higher levels
of transforming growth factor (TGF)-beta than normal stromal
cells (San Francisco et al., 2004; Ao et al., 2007), and TGF-beta
has been implicated as a key factor in the tumor-promoting
ability of CAFs (Ao et al., 2007). We characterized TGF-betal

expression in CD90-high and CD90-low cells =
using guantitative polymerase chain reaction
(gPCR). In CAFs derived from two different
donors, TGF-betal levels were 2- and 5-fold
higher in CD90-high cells compared to
CD90-low cells (Figure 3). Quantitative
PCR analysis also confirmed that the CD90
level was more than 5-fold higher in CD90-
high cells compared to CD90-low
populations (data not shown). It has been
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Figure 2. Isolation of CD90-high
and CD90-low CAFs by FACS. (A)
Histogram of CD90 expression in
CAFs. (B) A probability contour
graph showing CD90 expression in
cells within P5 and P6.

shown that high levels of TGF-beta signaling CDa0-high CO90-low

6 Figure 3. Quantitative polymerase chain reaction
analysis of TGF-betal levels in CD90-high and

CD90-low CAFs.



are present in the quiescent proximal region of ducts in the mouse prostate where putative stem
cells reside. This high level of TGF-beta signaling is important in maintaining the dormancy of
the stem cells. Our results raise the possibility that CD90-high cells may be enriched with
stromal stem cells that employ high level of TGF-beta to maintain their stemness.

It has been shown that CAFs have the ability to transform initiated but nonmalignant human
prostatic epithelial cells (BPH-1) into malignant tumor cells. The elevated expression of TGF-
beta in CD90-high CAFs suggests that these cells may be responsible for the tumorigenic effects
of CAFs through TGF-beta signaling. It has been shown that TGF-beta signaling is both
necessary and sufficient to induce membrane-localized CXCR4, the stromal cell-derived factor-1
(SDF-1) receptor, in BPH-1 cells, and that suppressing the expression of CXCR4 abrogated the
tumorigenic conversion of BPH-1 in response to CAFs.

-
BPH-1 cells treated with 5 ng/ml

TGF-beta expressed CXCR4 Figure 4 Immunoflurescence staining of CXCR4 in BPH-1 cells.
clearly detectable on the cell BPH-1 cells were either cultured in serum-free RPMI-1640 without

: TGF- _ (A), with TGF- _ (5 ng/ml) (B), CD90-low CAFs (C),
surface (Figure 4B), whereas cells CD90—_hi(gh)CVXFs (D). - G ng/ml) (B) ow CAFs (C), or

grown in control medium only

showed background staining in the cytoplasm (Figure 4A). More importantly, BPH-1 cells co-
cultured with CD90-high CAFs showed CXCR4 expression at the cell surface (Figure 4D),
whereas cells co-cultured with CD90-low CAFs only displayed a low level of signal comparable
to the background (Figure 4C). Our results demonstrated that CD90-high cells differ from CD90-
low cells in that they have the ability to induce CXCR4 in BPH-1 cells, probably through
secretion of TGF-beta. This finding supports the hypothesis that CD90-high cells (stem cells?)
are responsible for the tumor-promoting activity of CAFs.

Accordingly, we investigated the
effects of CD90-high and CD90-
low cells on CXCR4 expression in
BPH-1 cells. We co-cultured
BPH-1 cells with either CD90-
high or CD90-low cells that had
been separated by FACS. We
then examined CXCR4 expression
on BPH-1 cells by
immunoflurescence staining using
a monoclonal primary antibody
against CXCR4 and an Alexa 488-
conjugated secondary antibody.




The second task was to demonstrate self-renewal and multilineage differentiation
potential uniquely of cells with anchorage-independent growth capability. Since we could
not identify cells capable of anchorage-independent growth, we chose to carry out this
experiment instead with cells derived from normal tissues versus cells derived from cancers.

Self-renewal: We have serially passaged more than five normal cultures and five from cancers to
assess capability of infinite self-renewal, and none have this property. All became senescent
after ~ 15 to 20 passages.

Multilineage differentiation: We first investigated the ability of normal versus cancer-derived
stromal cells to undergo smooth muscle differentiation. Our lab previously reported that
transforming growth factor (TGF)-beta caused normal prostatic stromal cells to differentiate into
smooth muscle (Peehl and Sellers, 1997). Our previous experiments were performed with semi-
confluent cultures. Here, we wanted to test cancer-derived clonal cell populations, because stem
cells might make up only a small percentage of the total cancer stromal population. We allowed
normal or cancer-derived stromal cells to form small colonies, then changed them to smooth
muscle-differentiating culture conditions (MCDB 105 with 1 ng/ml of TGF-beta). We then
evaluated smooth muscle differentiation by labeling with antibody against smooth muscle alpha-
actin. As we had previously reported, normal stromal cells differentiated into smooth muscle
only in the presence of TGF-beta. In contrast, cancer-derived stromal cells expressed smooth
muscle alpha-actin regardless of the presence or absence of TGF-beta. This was true of 100% of
the cancer-derived stromal cell clones.

The smooth muscle differentiation of the cancer-derived stromal cells in the absence of exogenous
TGF-beta possibly occurs because of elevated endogenous expression of TGF-beta in these cells
compared to normal stromal cells. Elevated expression of TGF-beta was originally reported by
us in collaboration with San Francisco et al. (2004), and was recently confirmed in a publication
by Ao et al. (2007). Elevated expression of TGF-beta is characteristic of myofibroblasts, which
is the typical phenotype of stromal cells in prostate and other tumors (Tuxhorn et al., 2001).
The myofibroblastic phenotype is apparently retained during in vitro culture, as evidenced by
expression of smooth muscle alpha-actin, a marker of myofibroblasts as well as smooth muscle
cells. Ao et al. showed that expression of TGF-beta is required for cancer-derived stromal cells
to convert nontumorigenic prostatic epithelial cells to tumors.

Experiments to evaluate the potential for multilineage differentiation are still in progress. Normal
and cancer-derived cultures were placed in medium to promote osteoblastic or chondrocyte
differentiation. Clear evidence of differentiation was not obtained. However, in future studies,
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we wish to evaluate CD90-positive (putative stem cells) versus CD90-negative cells for
multilineage differentiation ability.

Another characteristic of prostate cancer stroma is downregulation of proenkephalin (PENK), as
reported by Goo et al. (2005). We again allowed normal or cancer-derived stromal cells to form
small colonies, then changed the colonies to medium with or without TGF-beta.
Immunocytochemistry with antibody against PENK showed that PENK was expressed by both
types of cells, with or without TGF-beta, at apparently similar levels. Downregulation of PENK
expression in cancer-derived stromal cells is apparently not retained in vitro, and is seemingly not
an intrinsic feature of cancer-derived stroma. Our genetic profiling study of normal versus
cancer-derived stromal cells also failed to identify PENK as a differentially expressed gene (Zhao
et al., 2007), confirming our immunocytochemistry results.

The third task was to determine the in vivo tumor-promoting potential of stromal cells
with anchorage-independent growth capability. This task was delayed for several reasons
and was one of the factors necessitating a no-cost extension. First, the technician who was
trained to work with mice left the lab, and we had to regain this expertise in the lab. Second, we
could not identify anchorage-independent growth as a putative marker of stem cells. However, as
described above, we turned our focus to CD90-positive cells since CD90 is expressed by
mesenchymal stem cells and is overexpressed in cancer-derived stromal cells compared to stromal
cells from normal tissues.

The first necessity was to develop our animal assays. Accordingly, a member of the lab who is
also working on epithelial stem cells took a course from Dr. Simon Hayward (an expert at
implantation of prostate cells and tissues under the mouse renal capsule) at VVanderbilt
University. Here, she mastered the techniques of making and implanting androgen pellets in
SCID mice, making cell cultures for implants, placing cells and tissues under the renal capsule,
and recovering the implants for immunohistological analysis. Recently, we sorted CD90-positive
versus CD90-negative cancer-derived stromal cells, combined them with nontumorigenic prostatic
epithelial cells (the BPH-1 cell line), and implanted the recombinants under the renal capsule of
immunocompromised mice. After several months, we will sacrifice the mice and examine the
implants. We hypothesize that CD90-positive cancer-derived stromal cells will preferentially
convert BPH-1 epithelial cells to tumorigenicity. If so, this would support our hypothesis that
CD90-positive/mesenchymal stem cells are the key cells in cancer-derived stroma that promote
cancer progression.

KEY RESEARCH ACCOMPLISHMENTS

* ldentified CD90, characteristically expressed by mesenchymal stem cells, as more highly
expressed in stromal cells derived from cancer versus those derived from normal tissues

* Determined that CD90-high cells from cancer stroma express more TGF-beta than CD90-
low cells



* Determined that CD90-high cells induce membrane-associated CXCR4 in epithelial BPH-
1 cells, a property associated with tumorigenic potential, presumably through secreted
TGF-beta

* Determined that smooth muscle alpha-actin, a marker of myofibroblasts/smooth muscle,
IS constitutively expressed in cancer-derived stromal cells, perhaps due to high levels of
endogenous TGF-beta

REPORTABLE OUTCOMES

Zhao, H., Ramos, C.F., Brooks, J.D. and Peehl, D.M. Distinctive gene expression of prostatic
stromal cells cultured from diseased versus normal tissues. J. Cell. Physiol. 210:111-121, 2007.

CONCLUSIONS

Although we could not reproduce previous findings of anchorage-independent growth of cancer-
derived stromal cells, other characteristics of these cells are suggestive of a stem cell-like
phenotype. The overexpression of TGF-beta remains the most reproducible and consistently
reported characteristic of cultured prostate cancer-derived stromal cells. Whether this is
indicative of a stem cell origin of cancer-associated stromal cells remains to be determined.
Elevated expression of TGF-beta is characteristic of the “wound healing” gene activation pattern
seen in cancer-associated stroma, and therefore high levels of TGF-beta may simply reflect this
typical characteristic of the reactive stroma. On the other hand, high expression of TGF-beta is
emerging as a feature of stem cells (McCarthy, 2007). TGF-beta appears to maintain stem cells
in an undifferentiated, proliferative state. We and others also have found that CD90 is
overexpressed in cancer-derived stromal cells. CD90 is expressed by mesenchymal stem cells,
although not exclusively. During the no-cost extension of 6 months that we requested for this
project, we took advantage of differential expression of CD90 to sort CD90-positive versus
CD90-negative cells from cultured cancer-derived stroma. We determined that TGF-beta is
expressed more highly by CD90-positive cells, suggesting that these cells (mesenchymal stem
cells?) may indeed be the key players in tumor promotion. CD90-positive versus CD90-negative
stromal cells have been combined with nontumorigenic prostatic epithelial BPH-1 cells and
implanted under the renal capsule of SCID mice. If CD90-positive cells preferentially convert
BPH-1 cells to tumors, this will support our hypothesis that mesenchymal stem-like cells are
involved in the promotion of prostate cancer.
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